The experimental use of lasers in surgery and medicine began only shortly after the development of the first working laser system. However, the development of practical, effective, and safe surgical lasers has been lengthy with many obstacles and delays. Today the laser is used for a wide variety of surgical operations. The fundamental limits and potential for future applications of lasers in surgery and medicine are discussed.
Introduction
For nearly a decade the ophthalmic use of lasers in surgery was the only widespread one despite early attempts to use ruby, argon, Nd: YAG, and CO 2 lasers in other fields of general surgery. Clinical use of the CO 2 laser (Figure 1) has steadily grown over the last decade, but only recently has large scale use occurred (cf Carruth and McKenzie l for an excellent review). This is long after the standard use in ophthalmology of the argon laser photocoagulator in diabetic retinopathy and glaucoma and the Nd: YAG laser disruptor for anterior segment and vitreal surgery!". An examination of why this is so is instructive.
Most biological tissue is highly scattering, as shown when a small flashlight or a low-power HeNe laser is placed on the finger. The red light glow is readily seen to cover a far larger volume than the initial light beam. It is exceedingly difficult to give a convincing depiction of the translucence of human skin with pastels, watercolours, or even oil paints. Colour alone is not sufficient; the difficulty comes from the multiple scattering deep within the skin which gives the glow to the light reflected (remitted). This diffuse multiple scattering limits the use of a focused surgical laser beam to only the most superficial tissue. Surgery of internal organs is limited by the same dramatic scattering properties as the skin.
Only the human eye, which achieves vision between 400 nm in the violet and 760 nm in the deep red, is largely devoid of significant optical scatter. The ocular media also displays a significant clarity beyond the visual range to almost 1400 nm. However, in the cornea and lens, slight changes in the size and consistency of the cells and the spacing of the larger molecules result in a greatly increased scattering accompanied by destructive interference and the loss of transparency of those structures, e.g. oedema or cataract", When the ocular media are clear, an optical beam can be focused on tissues deep within the eye, and photocoagulation (thermal denaturation of proteins, etc.) or photodisruption (cutting by laser induced optical breakdown) is possible.
Laser ocular surgery affords the opportunity to work upon tissues within the eye without the risk of infection and, generally, without the need of even local anaesthesia. Bacteria and viruses cannot ride into the body on an optical beam. The small volumes of tissue involved, the momentary duration of the operation, and the lack of pain endings in the retina and certain other ocular structures makes it possible to avoid the use of anaesthesia. Thus, the design engineer or surgeon contemplating a new laser application should recognize these special conditions which favour the use of lasers in ocular surgery.
Despite the many attempts to use lasers in surgical procedures and outside of the eye, only cutting through heavily vascularized tissues has been popularly accepted. The combined coagulative and cutting abilities of some types of lasers favour use in the vascularized tissue of the throat and in gynaecology, as well as in tissue 'welding' where a leak-proof tissue junction or anastomosis forms a minimal scar. Microsurgery with a laser focused to an extremely small (nearly diffraction limited) image to cut tissue without shearing mechanical stress or growing dull (as does a scalpel) has long interested neurosurgeons. However, microsurgery outside the eye is just beginning to incorporate lasers.
Surgery offers promise wherever blood loss is a serious problem due to haemophilia or limited blood bank supplies. Even without these constraints, there is a substantial interest to limit blood loss and minimize transfusions and the risk of blood borne disease problems.
Optical properties of tissue Future use of lasers in medicine and surgery requires a better understanding of tissue optical properties. As castigated as 'laser magic')'", Filtered incandescent light was as effective as a He-Ne laser 17 -19 • Whether the selective photochemistry behind these effects can be effectively employed clinically is still unclear.
Multiple scattering creates strong diffusion of light energy in tissue, and there are several types of scattering in biological systems with large macromolecules and particulate suspensions ( Figure 2 ). Rayleigh or molecular scattering plays only a minor role, and Mie or large particle scattering predominates, especially in low concentration suspensions and is largely in the forward direction. However, in highly concentrated suspensions or where there are very large molecules, multiple scattering takes place, and much of the radiation is back or side scattered 20 • 21 • An explicit relation between these different scattering mechanisms is needed to optimize therapeutic dose distributions of laser energy in tissue. When surface light scattering of skin is significant, a pressure contact optical delivery system can greatly reduce multiple scattering'", Optimizing this technique by choice of wavelength may extend diagnostic possibilities in the future.
New lasers, new applications
Today, almost all laser applications employ either the argon, Nd: YAG, or CO 2 laser for surgery, a red emitting laser such as krypton, gold vapour, or dyeshifted argon for cancer phototherapy, and heliumneon lasers for pointing, alignment, and diagnostic applications. These have three penetration depths: the superficial by the CO 2 laser, intermediate from the argon and the red phototherapy group, and the deepest by the Nd: YAG. This range has been extended by Ho, various Er wavelengths, Dy, MgS, titanium sapphire, gold and copper vapour, and Alexandrite, each with advantages and problems. One of these with its exposure time matched to heat conduction is adequate for much present surgery.
Present research aims to improve operating microscope or optical fibre delivery systems. Also, at least two new laser types, the excimer and the free electron, seem to have major future roles in surgery because of fine control of ablation or tunability, but both types are expensive and cumbersome.
Excimer lasers give short-pulse ultraviolet exposures, useful for photoablation. While the authors are convinced that there is a larger thermoacoustic component in 193 nm photoablation, it is generally agreed that the high photon energies of the ultraviolet mentioned above, the multiple scattering in tissue largely limits the ability to focus a beam into deeper tissue, yet sometimes this scattering is desired. In laser photochemotherapy of tumours, the heavy scattering by tissue from a red laser (near 640 nm) distributes the energy dose more uniformly than in a simple absorbing medium. For example, the photocoagulation of small vessels in the skin is made more uniform by the multiple scattering in the translucent tissue surrounding capillaries. However, the haemoglobin absorption of the blue/green argon laser radiation is very strong making delivery of a more uniform fluence energy (energy distribution) difficult, and longer wavelengths offer a better solution to the problem.
Once the energy is absorbed in tissue, it can be redistributed rapidly by thermal conduction, and many present applications of continuous wave (CW) lasers rely heavily upon heat transfer from surface absorption. At the CO 2 laser wavelength of 10.6 /lm, the majority ofthe energy is absorbed within a super-ficiallO-20 /lm thickness of tissue, the lie absorption depth of water, the major constituent of most tissue at this wavelength. For other wavelengths (e.g, argon at 488-514 nm and Nd: YAG at 1064 nm), the penetration may be much deeper. This consideration has formed the use of many other exotic laser types; Holmium, Erbium, Dysprosum, MgF, Titanium Sapphire, and Alexandrite. However, the proper use of any surgical laser inevitably rests upon clinical experience of the effect ofa given exposure duration, specific absorption, and penetration depth 6 • 7 • The refractive index and attenuation factor of pure water are often and incorrectly equated with the optical properties of tissue. Many proteins and collagens in the cornea and the skin differ significantly from pure water. Therefore, optimum laser wavelength for cutting, ablation, or photocoagulation cannot be based on the heat transfer and low scattering attenuation coefficient for water. Basic research in this area is strongly needed; the more so, because any tissue pathology (during exposure) may induce its own particular changes.
Diagnostic applications of lasers also depend upon the scattering and attenuation properties of optical radiation in tissue. The Doppler shift measurement of blood velocity is one obvious example". Reflective spectrometry of the skin and tissues accessible by fibre optics or low scattering infrared are distinct possibilities for the future 9 • 11 • The varying spectral absorption properties of macromolecules holds potential for selective targeting by certain laser wavelengths, although applications of the coherent aspects of laser emission have been discouraging'Y". Between 530 and 580 nm the absorption properties of oxygenated and reduced haemoglobin are different enough for selective heating of venous or arterial blood. Unfortunately, heat flow and the time constants for thermal damage may greatly minimize the effects of selective absorption for any tissue coagulation", In the near infrared, 800-1200 nm, most tissues scatter less, becoming almost transparent, which has allowed measurements of the oxidated state of the cytochrome system in the brain".
Karu and Letokhov have shown selective biological effects at the cellular level at narrow bands of wavelengths (633 nm, He-Ne laser). These effects are often termed 'biostimulation' (and frequently Figure 3 . Summary oflaser-tissue interaction mechanisms. The threshold lines are only approximate and vary with wavelength and spot size (from Sliney, 1985) operated both CW for photocoagulation and Q-switched for ablation (photo, thermo, or plasmo) offers a number of interesting possibilities. ANd: YAG photodisruptor (plasmoablative) which could be rapidly switched to CW operation at a wavelength absorbed by blood for coagulation of a small haemorrhage created by the photodisruptor would be obviously of interest to the ophthalmic surgeon. Figure 3 summarizes the various laser-tissue interactions which have been discussed. The exact values obviously depend upon wavelength and irradiated spot size, but they do illustrate the approximate ranges of time and irradiance for these effects.
In spite of all the above, only in ophthalmology has there been any concentrated study of photodisruptive and photoablative techniques. Further research in other applications can surely be anticipated. The destruction of calcified stones in vitro with 1p.s dye laser pulse shows promise for using the laser as a 'Iithotripter'P", Perhaps, a laser pulse repetition rate corresponding to the MHz acoustic frequency of the ultrasound lithotripter could show greater success in pulverizing stones.
Conclusion
No doubt, many of our predictions will be shown to be in error for lack of solid basic knowledge. But this only shows a need for further basic research into a better understanding of tissue optics and the interaction mechanisms of pulsed laser effects on biological tissue. This area of research will surely herald new and beneficial applications of lasers in surgery, therapeutics, and diagnostics. However, there will be no future acceptance of laser surgical techniques unless three major factors are present: efficacy, safety, and cost effectiveness. For a new laser technique to be widely rapidly accepted by clinicians, there must be a clear and obvious advantage to the new instrument over older techniques. This has been evident where there was rapid acceptance for surgery in the anterior segment of the eye by the short-pulse Nd: YAG laser photodisruptor. If new lasers permit a new form of surgery heretofore impossible with the scalpel, if they introduce greater safety by reducing the need for anaesthetics or opening of wounds, iflaser techniques reduce hospitalization time, and if t.hey t.ransfer operating room techniques into the outpatient clinic then the new laser applications will be met with enthusiasm. But unless all factors of safety, efficacy, reliability, and cost effectiveness are favourable, the new application could be just one more attempt of the engineer to develop a bigger mousetrap at greater cost with no real improved performance. The true test of a laser in the surgical setting is not whether it can perform the task, but whether it can perform the task better with greater safety and less expensively than earlier or more conventional techniques. I,..
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spectrum permit rapid photodecomposition into small molecules with high kinetic energy23-26. Regardless of the mechanism, very shallow ablation and damage depths are possible, 1~m or less. The 193 nm ArF laser has highly controlled microablation of tissue surfaces compared with the deeper penetrating CO 2 laser. However, damage to optical components as well as tissue by the ultraviolet, unproven laser reliability, acoustic transients, and toxic, explosive gases, all suggest that widespread use of excimer lasers will be delayed.
The free-electron laser (FEL) has been attractive to those who desire a versatile, tuneable wavelength system to replace many individual lasers. The complex pulse structure with a train of sub-nanosecond pulses offers additional advantages. However, the size and cost of FELs suggest that their main near future use will be for fundamental research, laser tissue interactions, rather than for clinical. The FEL emission in the mid infrared where water and proteinaceous materials change absorption widely, particularly near 3~m, has clear merit/". Also, many other tunable laser systems are available in this infrared region, for example, CW crystal pumped diodes, while CoMgF2 goes from 1.6 to 2.8 utt: Also, many single wavelength lasers (each shiftable to some extent) are on-hand for desired spectral regions. For research purposes, however, the widely tunable wavelength lasers offer more promise.
Although the strong spectral variations in retinal injury in the 600-1000 nm wavelength region suggest multiphonic effects in the IR-A (760-1400 nm) and the IR-B (1400-3000 nm or 3.0~m), biological effects are believed to be largely thermaI 27 • 28. A laser tuned to different penetration depths near water absorption peaks and able to deliver (especially through glass optical fibres) two simultaneous wavelengths for superficial and penetration would be more valuable in surgery'". However, the research necessary to understand the complex reactions to deposition of varied thermal energies at different depths is considerable.
The recent scientific literature on the use of lasers in medicine and surgery is impressive in the number of new bio-effects studies of the CO 2 laser alone, although this laser has been used extensively for more than a decade. This suggests that our fundamental knowledge of laser tissue interaction is still quite limited. The development of a laser which can be
